In New Zealand, aerial poisoning with 1080 (sodium fluoroacetate) bait is widely used for control of introduced small mammal pests in remote or forested areas. However this practice is controversial, partly because of perceived risks to native fauna, particularly birds. That perception originally derives from substantial mortality of some native bird species in pre-1980 control operations, which prompted changes in baiting practice to mitigate most of the risk. However contemporary modifications to aerial baiting procedures -including sowing bait in strips or clusters, using prefeed, or adding deer repellent -may have renewed the risk to birds. Here we report observations on the number of dead birds found and on the relative abundance of certain bird species after 15 aerial baiting operations between 2003 and 2014. We found in total 81 bird carcasses, of which 84% were introduced species (mostly blackbirds (Turdus merula)) and 16% were native species (comprising eight kererū Hemiphaga novaeseelandiae, two tomtits Petroica macrocephala and one each of tūī Prosthemadera novaeseelandiae, fantail Rhipidura fuliginosa and silvereye Zosterops lateralis). Overall, significantly more bird carcasses were found per field day of searching effort after standard broadcast 1080 sowing than alternative bait distribution methods (strip-or cluster-sowing). Residues of 1080 were detected in 18% (2/11) of the native birds analysed (both tomtits), compared to 94% (33/35) of the introduced birds tested. Blackbirds comprised 80% of the introduced dead birds found, 96% of which (25/26) contained 1080 residue. Furthermore, in two detailed studies conducted in the Hauhungaroa Ranges in 2011 and 2013, blackbirds represented 3.2% and 1.9% of the overall live bird counts but 54% and 73% respectively of the dead birds found. Our results suggest that modern 1080 baiting operations pose only a negligible threat to native forest bird communities and a small threat to individuals, especially relative to the threats they face from the introduced mammals targeted in pest-control operations.
Introduction
For about 60 years, New Zealand has relied heavily on aerial poisoning of introduced small mammal pests to provide affordable landscape-scale protection of native plants and animals, reduced competition with livestock and control of wildlife-borne bovine tuberculosis (Wright 2011) . The toxin used, sodium fluoroacetate (hereafter 1080), is not only lethal to the targeted pests (principally Australian brushtail possums (Trichosurus vulpecula) and ship rats (Rattus rattus)), but also to other introduced and native animals, including birds (Eason et al. 2011) .
While the overall net benefits to conservation and disease management are considered by proponents to be strongly positive (Wright 2011) , the non-target deaths ('by-kill'), particularly of native birds, has long been raised as a contentious issue by those opposed (for a variety of reasons) to aerial 1080 poisoning (Green & Rohan 2012) . This concern has its genesis in reports from the 1960s and 1970s of significant mortality of some native bird species after 1080 aerial poisoning operations (Spurr 1979 (Spurr , 2000 . Since then, substantial changes in 1080 baiting practices (such as improvements in the consistency in bait size, the use of dye to make baits less attractive to birds and progressive reductions in 1080 sowing rates) have reduced the risk to many native bird species to low levels (Veltman & Westbrooke 2011) . Nevertheless, some non-target bird deaths still occur. Veltman and Westbrooke (2011) summarized the outcomes of 47 studies in which the mortality of radio-tagged native birds had been monitored during aerial 1080 operations: 48 of 748 birds (6.5%) died or disappeared in 1080-treated areas, compared to only 4 of 193 (2.1%) in areas not poisoned.
Importantly, the analyses reported by Veltman and Westbrooke (2011) noted that only nine of the 47 surveys they reviewed were based on operations employing contemporary best practices for mammalian aerial pest control (NPCA 2010) . Of particular relevance, best practice guidelines for aerial 1080 operations now stipulate prefeeding of a treatment area with non-toxic bait a few days before deployment of toxic bait in order to familiarize targeted pests with the bait; this increases subsequent pest consumption of toxic bait and consequent target species kill (Coleman et al. 2007; Nugent et al. 2011 ). However, prefeeding may also increase familiarization of native birds with the bait, thus potentially increasing by-kill (Veltman & Westbrooke 2011) . Furthermore, there is potential for increased or changed risk to native birds from new lowcost techniques for sowing 1080 bait, where bait is sown in clusters or strips (Nugent & Morriss 2013) . Although these new techniques use less toxic bait overall compared to the whole-area 'broadcast' sowing technique (typically 125-333 baits per ha for broadcast sowing versus 42-83 baits per ha for strip/cluster sowing), they result in an increased localised density of bait in the baited parts of the operational area. Additionally, a deer-repellent compound surface coating is sometimes used on 1080 baits. This was developed to repel deer but not possums or rats during 1080 aerial operations (Speedy 2005; Morriss 2007 ), but its effects on the risk of by-kill of birds is unknown.
The efficacy of aerial 1080 operations in reducing numbers of target mammals is usually assessed by postpoison monitoring (such as trapping, ink-tracking or checking interference devices; Warburton & Livingstone 2015) . This requires the fieldworkers conducting such monitoring to traverse substantial amounts of the operational areas on foot, which thus provides an opportunity for them to collect other information related to the outcomes of control operations. The case in point for the present study is ground-scrutiny for the presence of by-kill, particularly for the enumeration, collection and examination of bird carcasses. In this paper we analyse data regarding dead birds recorded during the monitoring phases following 15 experimental aerial 1080 possum and rat control operations, conducted between 2003 and 2014. The primary focus of the monitoring in these operations was to compare the efficacy of the various experimental baiting treatments, but these experiments also provided the basis for the ad hoc comparison of the frequency with which dead birds were found in relation to the main experimental treatments. These included use of pre-feeding, deer repellent, and cluster and strip sowing (i.e. methods absent from, or poorly represented in, the data set analysed by Veltman and Westbrooke (2011) ). We focus on characterising the species composition among dead birds found after aerial 1080 operations, and also present some preand post-poisoning counts of live bird relative abundance from two of the operations to help interpret our results. Finally, we report on the frequency of measurable 1080 residues in many of the bird carcasses recovered.
Methods

Sources of bird data from 1080 operations
Bird by-kill data were obtained from searches undertaken in conjunction with pest monitoring activity following 15 aerial 1080 operations conducted between 2003 and 2014. These 15 pest control operations were mostly conducted by either TBfree New Zealand (formerly the Animal Health Board; Livingstone et al. 2015) to control or eliminate bovine tuberculosis from local possum populations (53%) or by the Department of Conservation (DOC) for native biodiversity protection (33%); or jointly by both agencies (7%). In addition, one operation (7%) was conducted by Landcare Research for experimental possum population reduction.
Pest control operational details
All of the toxic-baiting treatments used 1080 incorporated into bait at 0.15% w/w, with cinnamon or orange oil as a masking agent and lure (NPCA 2010) . The bait in 14 of the 15 operations used was cereal pellets, either RS5 or Wanganui No. 7 (Animal Control Products, Wanganui, New Zealand); one operation (the first in 2003 with two treatments) used carrot bait cut to size and surface-coated with dye and 1080 solution at the aircraft loading site.
The 15 aerial 1080 operations monitored included 39 permutations of baiting treatments (operational details and treatment variables outlined in Table 1 ). Three different methods were used to aerially sow bait: broadcast, strip and cluster sowing. In brief: broadcast sowing uses buckets slung under helicopters that spread bait laterally in every direction, giving a relatively uniform spread of bait across the treated area (Nugent et al. 2010) ; with cluster sowing bait is periodically released along widely spaced flight paths (up to 100 m apart) resulting in clusters of high bait density on only 3-5% of the baited area (Nugent & Morriss 2013) . The same approach is used for strip sowing, except bait is released continuously rather than in clusters, which enables fixed-wing aircraft to be used as well as helicopters (Nugent et al. 2012) .
The area-wide sowing rates of toxic bait varied almost 100-fold among the 15 operations (0.06-5.00 kg ha -1 ), being lowest for cluster sowing (11 treatments ranging 0.06-0.60 kg ha -1 ), somewhat higher for strip sowing (11 treatments ranging 0.25-1.00 kg ha -1 ) and highest for broadcast sowing (16 treatments ranging 1.00-5.00 kg ha -1 for 15 treatments plus one 'modified broadcast' treatment at the unusually low level of 0.5 kg ha -1 , which was due to the experimental deployment of 40 m gaps between baited areas for that one treatment).
All but one operation (Clarence Reserve 2011) incorporated prefeeding to encourage subsequent toxic bait uptake. Prefeeding used non-toxic bait of the same type used for the toxic baiting, mostly just once before toxic bait deployment, but twice in two operations (Hauhungaroa 2013 and Hokonui 2014) . Deer repellent was used in 7 (18%) different baiting treatments in 4 of the 15 operations (Table 1) . in four operations; more than one method was employed in some of the operations. In addition, systematic deer carcass searches were conducted in five operations (to assess the effectiveness of deer repellent in reducing non-target deer deaths) and 5-minute bird counts (5MBC; Dawson & Bull 1975) were conducted in two operations (to assess the impact of 1080 poisoning on the relative abundance of birds).
Primary monitoring activities
Monitoring was undertaken by field teams of 2-8 staff, with one of the authors (GM) involved in post-poison monitoring in all but two of the operations (Isolated Hill and Cascade). Field work usually started about two weeks after poisoning (range: 1-4 weeks), but on one occasion as early as three days afterward (Hokonui). Most trips were for two weeks.
Incidental observation and collection of dead birds
During the various monitoring activities above, field staff were instructed via a consistent briefing from the project leader (GM) to look for dead birds (and dead mammals) and to record the location (grid reference) of carcasses found. Bird carcasses were collected whole, assigned a tag number and, as soon as practical, frozen to stop further decomposition. Initially (2003-2008 operations) all bird carcasses found (introduced and native) were analysed for 1080 residues; but in some of the operations after 2008 only native species were analysed for 1080 residue. Carcasses considered to be too decomposed to warrant residue analysis (i.e. with no tissue present) were discarded after species identification. 
Laboratory assay for 1080 residues in bird tissues
The 1080 concentrations in bird muscle tissue were measured by high pressure liquid chromatography. Measurements were undertaken in an IANZ-accredited analytical toxicology laboratory (Landcare Research, Lincoln, New Zealand), using the tissue preparation methods and assay techniques described in detail by Pain et al. (2008) . The method detection limit was 0.001 mg kg -1 and the method precision (95% CI) was ± 9% of the measurement value.
Relative abundance of blackbirds (Hauhungaroa 2011, 2013)
Blackbirds comprised more than two thirds of the dead birds found. To help interpret this finding, we compared the species composition of the sample of dead birds found with the relative abundance of live birds in the Hauhungaroa 2011 and 2013 operations. Live bird relative abundance was indexed by a standardised field quantification method, namely the 5MBC, as described originally by Dawson and Bull (1975) with modern-practice updates as described by Hartley (2012) . Counts were conducted before and immediately after aerial 1080 poisoning in four or six blocks, and also in two other nearby blocks not poisoned at those times. These central North Island study areas comprised mostly mixed podocarp-broadleaved forest with scattered rimu (Dacrydium cupressinum) and mataī (Prumnopitys taxifolia) over broadleaved canopies dominated by tawa (Beilschmiedia tawa) or tāwheowheo (Quintinia serrata). The 1080 baiting treatments included both strip-and broadcast-sowing in 2011, and two forms of broadcast baiting in 2013, one with 12 g cereal baits and the other with 6-8 g baits (Table 1) .
In each of the blocks, parallel transects spaced 200 m apart were established and five-minute counts were made at count stations spaced at 200 m intervals along those transects. During each 5MBC, all birds seen or heard within 100 m of the stationary observer were recorded (Hartley 2012) . Prepoisoning counts were conducted in late autumn/early winter and post-poisoning counts in late winter/spring. Generally, the same observers conducted both the pre-and post-poisoning counts in each block.
Data handling and statistical analyses
We first evaluated the overall number and type of dead birds found, and the presence or absence of 1080 residues within them. We next calculated the total numbers of birds found per unit effort for each operation using the number of field days as the measure of survey effort, with each field day representing an average of about 7 hours spent by a single observer walking between locations and conducting various primary monitoring tasks. In all cases most of the time was spent walking between monitoring stations.
All statistical analyses were undertaken in the R Statistical Computing Environment, version 2.13.0 (R development core team 2010). For between-treatment quantitative comparisons, analysis of the numbers of dead birds found utilised effort (i.e. the number of monitoring field days) as a co-variate. We did not include observer as a factor in these analyses because the large number of observers used over the 12 years and widely separate regions meant most observers only participated in one or two surveys, which (given the low rate at which carcasses were found) results in there being too little power to assess observer differences.
Initial investigation indicated that these data were over dispersed, consequently data were log e -transformed and a quasi-Poisson distribution was fitted. Poisson regression was then used to evaluate the effects of different parameters applied to aerial sowing including: different sowing methods (broadcast, strip-or cluster-sowing); presence or absence of deer repellent on the poison bait; and different toxic bait sowing rates. All bird carcasses found were included in these analyses to maximise sample size, even though not all of them would have contained 1080 (hence, strictly speaking, our statistical results relate to all causes of bird death within treatment areas, i.e. 1080-related and non-1080). In doing this, we implicitly assumed that the proportion of bird carcasses found that had died of causes other than 1080 would be a random effect across all areas unrelated to 1080-related treatment variables. We estimate that non-1080 deaths accounted for less than 20% of the carcasses found, making it unlikely that that source of variation would greatly affect the results. Because almost all of the introduced birds but few of the native species tested contained 1080, the assumption means the impact on native species is likely to be overstated.
Results
Bird carcass observations and collections
Linear distance covered by field staff each field-day during post-operational monitoring varied between 3 km and 10 km, with an average of 5 km per day traversed. Carcass searching was typically limited by ground cover to (we estimate) about 2 m to either side of the travel routes, suggesting a coverage area of approximately 2 ha per field day. Over the entire study of 987 field days we therefore searched about 2000 ha, but because the routes to and from pest monitoring devices (traps, tunnels, chewcards) were often the same, only approximately half of this area would have been 'new' territory covered for each device deployment and collection/recovery trip.
We found 81 dead birds (84% introduced and 16% native) in 987 field-days (at a mean rate of 0.08 dead birds per day; range 0.00-0.40 per day within treatments; Tables 1 & 2) . These comprised 55 blackbirds (Turdus merula), eight kererū (Hemiphaga novaeseelandiae), eight chaffinches (Fringilla coelebs), three dunnocks (Prunella modularis), two tomtits (Petroica macrocephala), two thrushes (Turdus philomelos), one tūī (Prosthemadera novaeseelandiae), one silvereye (Zosterops lateralis) and one fantail (Rhipidura fuliginosa).
Most (85%) of the native birds and half (52%) of the introduced birds were analysed for 1080 residues (Table 2) . Only tomtits had 1080 residues among the 11 native birds assayed (Table 2 ). In contrast, almost all (33 of 35; 94%) of the introduced birds assayed contained 1080, including 25 of 26 (96%) of the blackbirds assayed, in which muscle tissue 1080 concentrations of up to 32 mg kg -1 were recorded.
Statistical comparison between 1080 baiting treatments
Treatment comparisons provided weak evidence of a positive relationship between the area-wide toxic bait sowing rate and the number of dead birds found per unit search effort (F 1,37 = 3.11, p = 0.09). When sowing rate specifications were grouped into two classes (i.e. <1 kg ha -1 or >1 kg ha -1 ) a mean of 0.1 dead birds was recorded per field day for areas sown with toxic bait at rates equal to or above 1 kg ha -1 (57 dead birds found in 495 field days) compared to 0.04 dead birds per day (24/455) in areas sown with less than 1 kg ha -1 . Overall, the greatest numbers of dead birds found were following operations that had used the highest sowing rates (Fig. 1a) . In line with that, significantly more birds per unit search effort were found dead in areas where bait was broadcast (mostly at 1.0-5.0 kg ha -1 ) than in areas where strip or cluster sowing (at 0.06-1.0 kg ha -1 ) was used (F 2,36 = 7.10, p < 0.001). On average, approximately three times as many dead birds were found per broadcast aerial 1080 operation than for either alternative sowing method (cluster or strip sowing; Fig. 1b) . There was no significant difference in the number of dead birds found per unit search effort when deer repellent was used with toxic bait compared with unmodified toxic bait (F 1,37 = 1.60, p = 0.21).
Relative abundance of blackbirds (Hauhungaroa 2011, 2013)
From those blocks where 5MBC were conducted, 11 dead birds (six blackbirds, four kererū, and one fantail) were found after the pest control operation in 2011 and 15 (eleven blackbirds, three kererū, and one tūī) after the operation in 2013. All 26 bird carcasses were recovered from the poisoned blocks, with the rate of dead bird discovery being three times higher in 2013 than in 2011 (0.22 per day compared to 0.07 per day respectively). Two of the kererū found in 2011 bore obvious signs of predation (Fig. 2 ) and the fantail was found freshly dead after a heavy snowfall. No 1080 residue was found in any of the eight native birds tested, but 1080 was present in seven of the eight blackbirds tested, at muscle tissue concentrations of 0.27-1.73 mg kg -1 (Table 2) . From the two operations, we also found 102 dead small mammals in 2011 (60 possums, 38 rats, three hedgehogs and one mouse) and 51 in 2013 (27 possums, 20 rats, three hedgehogs and one cat), all in the poisoned blocks.
In 2011, 21 647 counts of live birds were recorded from 33 species, with native species comprising 89% of the total live birds counted (Table 3) . Overall counts declined by 25% in the poisoned blocks compared to 9% in the unpoisoned blocks, this difference being largely due to an observed decline in tūī counts of 48% in the treatment areas versus an observed 13% increase in the non-treatment areas. Excluding tūī (21% of the total bird counts), the counts for all of the other species combined were similar irrespective of treatment, declining by 18% and 15% in the poisoned blocks and unpoisoned blocks respectively.
Counts in 2013 were similar, with 16,531 counts of live birds (93% native) from 37 species in the six blocks (Table  3) . Again, counts were overall lower (by almost a quarter) in spring than in autumn largely reflecting the pattern for native species. The overall decline varied widely between blocks, but was largest (39%) in one of the unpoisoned blocks. Although counts declined substantially (>10%) in some blocks for eight of the common species in Table 3 , except for blackbirds the largest or second largest decline was in an unpoisoned block. Counts of the other seven commonly-counted species were mostly unchanged or increased after poisoning. In 2011, the mean blackbird count declined by 14% (Table 3) reflecting an overall decline of 19% in the six poisoned blocks compared to a 2% decline in the unpoisoned blocks. In 2013, blackbird counts increased by 43% in one of the two unpoisoned areas and declined by 20% in the other, whereas in four poisoned blocks all of the counts declined by 44-67% (overall average decline of 56%). Blackbirds were the only common species for which all of the highest declines were in the poisoned blocks. Overall, blackbirds comprised 3.2% and 1.9% of the live bird counts in 2011 and 2013 respectively; the same species represented 54% and 73% respectively of the dead birds found in the Hauhungaroa surveys.
Discussion
The present analysis uses field data that are often collected, but rarely analysed in detail, from extensive mammalian pest control operations conducted in New Zealand. Despite its somewhat ad hoc nature, data collected and information presented here provide a strong indication that the impact of modern and experimental aerial 1080 baiting practices on common native birds is low. While several of the 1080 treatment applications were of an experimental nature, most studies incorporated the 'gold standard' operational practice of aerial broadcast sowing of 1080-coated cereal baits at ~1-3kg ha -1 (NPCA 2010) . For the 15 operations from which we gathered data, we detected 1080 residues in 35 of the 46 bird carcasses assayed, and while this implies that at least 76% of dead birds found were likely to have ingested some 1080, only two of those (i.e. ~4% of the total number assayed) were native species. This assumption is consistent with the earlier findings summarised by Spurr (2000) . Moreover, our finding that most of the native dead birds found did not contain 1080 residue highlights the need by observers to avoid automatically attributing native bird deaths following aerial pest control operations to 1080 poisoning. To the contrary, the evidence here of very few native bird deaths directly attributable to 1080 underscores the suitability of this compound for mammalian pest control in New Zealand's forests (Wright 2011) . Evidence presented Powlesland et al. 1999) and North Island kōkako (Callaeas wilsoni; Innes et al. 1999) . Native forests typically contain higher densities of common native birds than of European garden birds, in some cases up to 60 times higher (MacLeod et al. 2012 ). While we have not analysed in any depth the changes in Hauhungaroa live bird counts for native species before and after 1080 poisoning, some preliminary points stand out. First, in both years of the Hauhungaroa studies (2011 and 2013) overall counts were lower in spring than in autumn, in both poisoned and unpoisoned areas, strongly suggesting major seasonal variation in bird counts irrespective of mammalian pest control operations. Secondly, counts of native birds were highly idiosyncratic with changes sometimes varying greatly between blocks subject to the same experimental treatment, suggesting that there are area (block) effects on season as well. There were very few instances in which there appeared to be a reduction in native bird counts that was consistently greater in poisoned areas than in unpoisoned areas. One notable exception was the large decline in tūī counts in all Hauhungaroa blocks after poisoning in 2011, concurrent with a modest increase in tūī counts from unpoisoned areas. However, because we found no dead tūī that year (even though they are the same black colouration and size as blackbirds), we are confident that this difference must reflect some large scale movement of tūī out of some blocks (and possibly into others). In support of this, Berquist (1985 Berquist ( , 1989 noted that tūī regularly forage for nectar sources in family groups over distances of 5-35 km, distances that would easily carry them far outside our experimental blocks (which were a few thousand hectares in size). Natural fluctuations in native bird numbers in forests, sufficient to confound interpretation of non-target outcomes from pest control operations, have been noted by others: for example, Oates (2008) and Greene et al. (2013) recorded marked declines in localised tomtit relative abundance following 1080 operations (in Rotoaira and Waitutu forests respectively), however both sets of authors noted that these declines were (apparently) unrelated to treatment variables, since they were observed in non-treatment (control) blocks in addition to poisoned blocks.
By contrast to our conclusions on native bird species, our results suggest that aerial poison operations probably have a detrimental effect on blackbirds and possibly also some other common introduced bird species such as chaffinches, thrushes and dunnocks. Levels of 1080 residue in blackbird muscle exceeded 10 mg kg -1 in 3 of 6 reports where blackbird tissues had been analysed. These levels exceed those cited by Fairweather et al. (2014) in a review of several aerial 1080 operations (where 1080 residue levels up to 5.9 mg kg -1 had been reported). The comparatively large number of dead blackbirds found relative to other species in the present studies may reflect, in part, their presence in all operational areas; by contrast native species such as tūī (for example) were believed to have been present in only eight of the fifteen operational areas (53%). Across both Hauhungaroa surveys (2011 and 2013) , blackbirds comprised 3% of live bird counts recorded but two-thirds of the dead birds found, and probably close to 90% of those likely to have been killed by 1080. The behaviour of blackbirds is likely to contribute to their risk of poisoning; they are omnivorous and frequently forage on the forest floor where the majority of bait would be present, and therefore have many opportunities to encounter and eat bait or contaminated invertebrates. It is, of course, theoretically possible that live blackbirds may have been less conspicuous than other species being seen or heard, although data from elsewhere suggest this unlikely; Meadows et al. (2012) reported that introduced species were generally more conspicuous than native species and estimated that the probability of detecting a blackbird within 10 m of an observer was 0.8, compared to similar or lower probabilities of 0.3-0.9 for six native species (bellbird, fantail, grey warbler, rifleman, silvereye and tomtit). Likewise, Moffat and Minot (1994) reported that blackbird density in the Tararua Ranges was still an order of magnitude lower than that of most of the common native bird species, even when corrected for differences in detectability. Moffat and Minot (1994) calculated that a mean 5MBC of 0.21 blackbirds per station equated to 0.10 blackbirds per ha averaged across the five transects reported. Using that as a calibration for our results, the pre-poison counts of 0.27 and 0.15 blackbirds per station that we recorded from the Hauhungaroa surveys of 2011 and 2013 (respectively) would suggest comparatively low blackbird densities in this native forest habitat, possibly in the same range as previously-reported New Zealand blackbird densities of about 0.10 per ha (reported for woody shrubland by Wilson et al. (2014) and for native forest by MacLeod et al. (2012) ). Based on the declines in counts in poisoned areas relative to those in the unpoisoned areas, and averaged across the two operations, our results suggest that 1080 operations could have reduced blackbird numbers substantially, possibly by about a third. If so, and if blackbirds did indeed comprise only 3% of the total bird community, this suggests the blackbird reduction equated to 1% of all birds. If all of that reduction was attributed to 1080 poisoning, we infer from the lower number of native birds found dead in the Hauhungaroa operations compared to blackbirds (9 vs 17) and the much lower percentage of native species containing 1080 residues (0% of 8 assayed vs 87% of 8 assayed), that the 1080-caused reduction in native bird numbers was likely to have been well below 1%, given that native species comprised 89% of the counts. Thus, we conclude, subject to the validity of our various assumptions about the carcass detectability and conspicuousness of all native birds combined relative to blackbirds, that the effect of 1080 operations on the Hauhungaroa bird community as a whole was very low, and even lower on native birds.
Our results suggest that overall bird deaths (as standardised per unit of search effort) were positively correlated with the area-wide toxic bait sowing rates employed, with that pattern undoubtedly being driven mainly by the effect on blackbirds. It is not clear whether that is an effect of sowing rate per se, or of the sowing technique, because the 'modern' methods of clusterand strip-sowing were used only at low rates and 'traditional' broadcast sowing only at comparatively high rates (with one exception for an experimental 'modified broadcast' treatment). Nevertheless, results suggest that leaving much of the overall operational area unbaited (as with strip-sowing) can reduce the subsequent incidental by-kill risk, at least for a species that seems highly vulnerable i.e. blackbirds. Possibly, this somehow reflects a reduced likelihood of blackbirds encountering 1080 bait or invertebrates that have fed on 1080 bait (Heather & Robertson 2005) . Adult blackbirds are highly territorial year round, with small non-exclusive territories of 0.16-0.24 ha recorded in Britain (Snow 1956 ). Peri-urban blackbirds in New Zealand appear to also be similarly sedentary (Bull 1958 ) with breeding territories likely to often be less than 80 m across (Gurr 1954) . Territories of that size could therefore fit entirely within the 60-80 m unbaited areas between the narrow baited areas produced by strip-and cluster-sowing, which would plausibly explain the lower numbers of dead birds found in such operations. The Hauhungaroa live bird count data are consistent with this, with a lower percentage reduction in the 2013 operations after strip-sowing than after broadcast.
Overall, 27 birds (most of which, 52%, were blackbirds) were found dead in areas where deer repellent had been used in conjunction with toxic bait, with a higher tally per unit of search effort compared to areas where deer repellent was not used, although this difference was not statistically significant. Because repellent darkens cereal bait, it may reduce the effectiveness of the green dye used to reduce the attractiveness of the 1080 baits to birds (Caithness & Williams 1971) . All but one of the 1080 operations analysed in the present study utilised prefeeding, so we cannot directly address the concern raised by Veltman and Westbrooke (2011) that the practice of prefeeding may increase the risk to birds. However, our overall results suggest that relatively few native birds (at least compared to blackbirds) were killed during these operations, which in turn suggests the risk is low.
Despite our attempts to standardise parameters across fifteen 1080 operations spanning 12 years, we acknowledge that some measurement and assessment criteria contained considerable subjectivity, and we therefore highlight some caveats around our conclusions. First, there will undoubtedly have been variation between observers, and between areas, in our ability to find dead birds. With respect to field workers' visual identification of bird carcasses, we estimated an average visibility range of 2 m either side of the worker; in reality, this parameter was highly variable, ranging from ~4 m in open areas to <0.5 m in areas with thick understory vegetation. Further, the estimated relative abundance of different species among those found dead could have been determined, at least in part, by the comparative conspicuousness of their carcasses; although we find no reason why dead blackbirds would have been proportionately much easier to find than other dead birds of similar or larger size. Yet further, it is possible that scavengers may have consumed bird carcasses thereby leaving few to have been observed by field workers and biasing the interpretation of results; however, we again feel this is unlikely because those scavengers present were far more likely to consume (and possibly die from) the poisoned carcasses of small mammals such as rats and possums. Overall, in spite of these hypotheses, we feel confident in concluding that few native birds died following 1080 operations and very few died directly due to 1080 intoxication: most of the native birds tested for 1080 residue contained none. Instead, in some instances, other probable causes of death were readily apparent. For example, the single fantail found dead was found immediately after heavy snow, suggesting this was an example of the high winter mortality rates known to befall fantail populations (Powlesland 1982) . Two of the eight kererū found dead after 1080 baiting (and also a further kererū found before one of the operations) had puncture wounds on their heads and/or necks that were consistent with the killing method used by stoats (Cuthbert 2003) .
In summary, we found no evidence that modern 1080 operations pose a substantial risk to native birds as a group, at least not in terms of immediate post-operational mortality due to toxicity and not compared to the effect on blackbirds that we observed. That of course does not rule out the possibility of significant impacts on particular individual species that were far less common than blackbirds in our study areas, but it does contribute to the now large body of evidence suggesting that modern aerial 1080 operations are unlikely to have major detrimental impacts on the native bird community as a whole (Veltman & Westbrooke 2011; O'Donnell & Hoare 2012; Greene et al. 2013; Schadewinkel 2014) . To address the issue objectively in the future, it would be necessary to design a bespoke bird-and mammal-carcass collection study as an integral part of a 1080 pest-control operation, something that is technically practical, but operationally expensive and time-consuming. In the meantime, our present results suggest that further reduction in 1080 bait sowing rates (beyond the historical reductions documented by Morgan (2004) and Veltman and Westbrooke (2011) ) and/or a shift to new bait delivery techniques, could reduce the overall risk to birds to below the already apparently very low levels.
